The effect of asymmetric laser pulses on plasma wave excitation in a self-modulated laser wakefield accelerator is examined. Laser pulse shape and frequency chirp asymmetries, controlled experimentally in the laser system through a grating pair compressor, are shown to strongly enhance measured electron yields for certain asymmetries. It is shown analytically that a positive (negative) frequency chirp enhances (suppresses) the growth rate of the Raman forward scattering and near-forward Raman sidescatter instabilities, but is of minimal importance for the experimental parameters. Temporal laser pulse shapes with fast rise times ( plasma period) are shown to generate larger wakes (compared to slow rise time pulses) which seed the growth of the plasma wave, resulting in enhanced electron yield.
I. INTRODUCTION
Controlling the coupling of laser light to plasma waves is important in numerous applications, such as laser-plasma accelerators, 1 laser-plasma-based harmonic generation, 2 x-ray lasers, 3 and laser-driven inertial confinement fusion schemes. 4 Laser-plasma accelerators, which have been proposed as compact next-generation accelerators, rely on laser excitation of large amplitude plasma waves for trapping and acceleration of charged particles. 1 The use of laser bandwidth, 5,6 coherence, 7 frequency chirp, 8 and pulse shaping 9, 10 have been proposed as methods for controlling the laser-plasma coupling.
Raman forward scattering 11 (RFS) can be used to drive the self-modulated laser wakefield accelerator (SM-LWFA), in which a long (compared to the plasma wavelength) laser pulse becomes modulated and produces a large amplitude plasma wave with phase velocity near the speed of light (for a review, see Ref. 1) . This plasma wave, with 10-100 GeV/m accelerating gradients having been demonstrated using present laser technology, can be used to accelerate charged particles to high energies. [12] [13] [14] [15] [16] [17] Recent experiments by Faure et al. 18 have studied the dynamics of RFS using picosecond linearly chirped pulses and found no dependence on the sign of the chirp for laser intensities ∼ 2 × 10 17 W/cm 2 . Other experiments by Yau et al. 19 have reported enhanced efficiency of the RFS instability for positively-chirped laser pulses.
In this paper, we discuss recent experiments conducted using the short pulse, high peak power and high repetition rate Ti:Al 2 O 3 laser system 17 at Lawrence Berkeley National Laboratory (LBNL), which reported frequency chirp induced asymmetries in the SM-LWFA electron and neutron yields. 20 To interpret these measurements we theoretically examine the influence of asymmetries in frequency chirp and temporal pulse shape on the laser-excitation of plasma waves. Section II describes the LBNL SM-LWFA experimental results. In Sec. III, we present a calculation of the effects of a frequency chirp on the growth of the RFS and near-forward Raman sidescatter (RSS) instabilities, which are responsible for the generation of high phase velocity plasma waves. In Sec. IV, we examine the seed generated by asymmetric temporal pulse shapes. Section V summarizes the results presented in this paper and discusses the implications for future experiments.
II. EXPERIMENTAL OBSERVATIONS
In the SM-LWFA experiments preformed at LBNL, 20 strong asymmetry in the yield of energetic electrons (and neutron production) was observed as a function of compressor setting (which corresponds to variations in pulse duration, frequency chirp, and pulse shape). In these experiments, low energy laser pulses (of wavelength λ 0.8 µm) from a Ti:Al 2 O 3 laser oscillator were first temporally stretched, amplified to 1 J/pulse level, and then compressed using a grating based optical compressor. Following compression, the laser beam was focused to a 6 µm spot size (Rayleigh length Z R 0.14 mm) with a 30 cm focal length (F/4) off-axis parabola onto a pulsed gas jet. The peak power P of the laser was varied using both the pulse duration and laser energy. At optimum compression [55 fs full-width-halfmaximum (FWHM) duration], P 8.3 TW, resulting in a calculated peak intensity I = 2P/πr 2 s 1.5 × 10 19 W/cm 2 and a normalized laser strength a 0 8.6 × 10 −10 λ[µm]I 1/2 [W/cm 2 ] 2.6. The laser pulse spectral bandwidth was typically 21-22 nm FWHM, or ∆ω/ω 0 2.6%.
The laser pulse duration, frequency chirp, and temporal envelope characteristics were varied by scanning the compressor grating separation. The laser pulse duration was measured with a single shot autocorrelator, located outside the vacuum chamber, and temporally resolved spectra of the laser were measured using a frequency resolved optical gating (FROG) system, allowing pulse shape reconstruction. Figure 1 shows the pulse duration versus compressor setting. A frequency chirp was produced by translating one of the gratings of the compressor away from the optimum compression setting. Higher-order phase dispersive terms associated with optical components in the laser system will modify the temporal pulse shape. Pulse shapes for positively and negatively chirped pulses with 76 fs FWHM duration, are shown in Fig. 1 . As can be seen in Fig. 1 , accumulated phase nonlinearities 21 from propagation through the laser system (including the compressor) resulted in positively (negatively) chirped pulses having a fast (slow) rise time. The experimental temporal pulse shapes can be well-fitted to a skewed-Gaussian of the form
is the skew parameter and σ t is the pulse duration. It should be noted that, in principle, positively chirped pulses can also be generated with slow rise and fast fall times through different compressor tuning. Typical experimental plasma profiles had peak density in excess of 3 × 10 19 cm −3 over 700 µm, with a 500 µm ramp from vacuum on either side, as measured interferometrically. The minimum power at which electrons were observed was ∼ 0.9 TW (pulse duration ∼ 500 fs), which is comparable to the critical power for relativistic self-guiding, 22 P crit [GW] 17.4(λ p /λ) 2 , for an equilibrium plasma density n 0 10 19 cm −3 (plasma wavelength λ p 11 µm), where λ p = 2πc/ω p and ω 2 p = 4πe 2 n 0 /m. Without guiding, the laser-plasma interaction is limited to about a Rayleigh length owing to diffraction. Experimental evidence for relativistic self-guiding of laser pulses above the critical power was observed in the transmitted laser spectra, shown in Fig. 2 . Since the laser pulse is responsible for plasma creation through ionization of the He gas, frequency blueshifting in the laser pulse is observed due to the interaction with the comoving ionization front. For self-guided laser pulses, the laser intensity will exceed the ionization appearance intensity of He ++ by two orders of magnitude and hence only the front of the laser pulse will experience blueshifting. For laser pulses below the critical power, diffraction will reduce the laser intensity, resulting in a significant portion of the laser pulse undergoing frequency blueshifting. For compressor settings such that P < P crit , the transmitted laser spectra contained significant blueshifting over the laser pulse. For compressor settings such that P P crit the amount of ionization blueshifting was drastically reduced (see Fig. 2 ), indicating guiding and resulting in electron production. When electrons were produced, spectra showed a clear redshifted sideband, which is attributed to RFS or near-forward RSS.
The dependence of electron yield on focal position within the plasma density profile was examined. The total charge per bunch of the electron beam was measured using an integrating current transformer. Two cases are shown in Fig. 3 . In case 1, the laser was focused on the upstream edge (low density ∼ 2×10 18 cm −3 ) of the gas jet. In case 2, the laser was focused into the jet at a density ∼ 3×10 19 cm −3 . For case 2, the peak plasma density was 25% lower, which is a small correction compared to the difference between the densities at the two focal locations.
For case 1, the maximum electron yield did not occur for the shortest laser pulse duration (defining the zero-setting of the compressor) and was found to be larger for positive chirp by about a factor 2 compared to negative chirp. In some runs, order of magnitude asymmetries have been observed in the electron data. For case 2, significantly less asymmetry was seen and the yield was found to peak close to the compressor zero. Although the peak yield is nearly equal in the two cases, focusing on the gas jet edge (case 1) produces significantly larger amounts of high energy electrons, as previously shown through gamma-neutron activation experiments. 17 Several possible mechanisms have been investigated to explain the asymmetry in yield with compressor setting (i.e., positive and negative chirp for a fixed pulse length). In Sec. III, we examine the effects of a frequency chirp on RFS and near-forward RSS, which are responsible for high phase velocity plasma wave generation. In Sec. IV, we examine the seeding of the Raman instability by asymmetric pulse shapes.
III. RAMAN SCATTERING OF CHIRPED LASER PULSES
The effect of a finite-bandwidth on parametric instabilities, such as the Raman instability, has been extensively studied for the case of an uncorrelated, or random, frequency bandwidth. 5, 6 In this section we examine the effect of a correlated frequency chirp on the Raman instability growth rates.
To study the effects of a frequency chirp on RFS and near-forward RSS, we consider a Maxwell-fluid model of the laser-plasma interaction. In the Coulomb gauge, the Maxwell equations for the fields can be expressed as
where k p = 2π/λ p , a and φ are the transverse vector and scalar potentials, respectively, normalized to mc 2 /e, and n is the plasma number density. The relativistic Lorentz factor is γ = (1 − β · β) −1/2 , where β is the electron fluid velocity normalized to the speed of light.
A cold-fluid model of the neutral plasma is assumed. Thermal effects may be ignored when the quiver velocity is much greater than the electron thermal velocity and the thermal energy spread is sufficiently small such that electron trapping in the plasma does not take place. The ions are also assumed to be stationary, which is typically the case for short-pulse ( 1 ps) laser interactions in underdense plasmas. The cold fluid equations can be expressed as
where ∇ × (γ β − a) = 0 initially (before the passage of the laser pulse) was assumed. In this work we will focus our analysis on laser propagation in an underdense plasma with group velocity of the laser approximately the speed of light. This allows one to make a time scale separation between fast (laser frequency) and slow (plasma frequency) time scales. 23 The term ∂ ct ∇φ can be neglected in Eq. (1) since the fast part of the electrostatic potential is typically small compared to the fast part of the plasma current, which is approximately the transverse vector potential γβ ⊥ a ⊥ for an initially quiescent plasma.
To study the growth of Raman instabilities, we consider a density perturbation δn = n/n 0 − 1, which results from the scattering of a large-amplitude pump laser pulse a pump into daughter waves a scat , such that |a pump | |a scat |. Linearizing about the perturbations δn and a scat , Eqs. (1)-(4) can be combined to yield
and
Here γ 2 ⊥0 = 1 + a 2 pump , where the angular-brackets denote a time-average over the fast laser period, and k p c/γ 1/2 ⊥0 is the plasma frequency in the lab frame including the correction due to the relativistic quiver motion. It is convenient to work in the comoving variable ζ = z − ct and transform from the variables (z, t) to (ζ = z − ct, τ = ct). We will assume that the head of the right-going laser pulse is initially at ζ = 0 and the body of the laser pulse extends into the region ζ ≤ 0, while the plasma is unperturbed in the region ζ > 0. In the comoving variables (ζ, τ ) the linearized equations become
where δρ = δn − a pump a scat /γ 2 ⊥0 . We model the pump and scattered laser pulse normalized transverse vector potentials (linear polarization is assumed) as
where a 0 is the pump amplitude, and a ± are the slowly-varying envelopes of the Stokes (down-shifted) and anti-Stokes (up-shifted) scattered light waves. Note that, for direct RFS or near-forward RSS, both the Stokes and anti-Stokes waves can be approximately resonant. We will assume |a 0 | |a ± | and a 0 is a nonevolving envelope (i.e., pump depletion effects are neglected). To isolate the effect of a frequency chirp we will consider laser pulses such that k p cσ t 1, and the laser pulse vector potential amplitude is approximately uniform within the pulse. To lowest-order, a 2 a 2 pump = |a 0 | 2 /2. The temporal and spatial derivatives of the phase determine the local values of the pulse frequency and wave number for the pump (subscript 0) and scattered (subscript ±) light waves: ω 0,± = −∂ϕ 0,± /∂t and k 0,± = ∇ϕ 0,± . The plasma density perturbation is modeled as
whereρ is the slowly-varying envelope of the plasma density perturbation and ϕ p = kz + k ⊥ x ⊥ − ωt. The resonance condition for Raman scattering requires ϕ ± = ϕ 0 ± ϕ p . Note that here we are considering "whole-beam" instabilities such that k ⊥ ∼ r −1 s , where r s is the laser spot size, and we model the scattered light and plasma waves as plane waves: a ± (ζ, τ ) andρ(ζ, τ ).
Using the eikonal (slowly-varying envelope) approximation |∂ τρ | |kρ| ∼ |ωρ/c|, |∂ τ a ± | |ka ± | ∼ |ωa ± /c|, and |∂ ζ a ± | |ka ± | ∼ |ωa ± /c|, Eq. (7) reduces to
where D p = ω 2 /c 2 − k 2 p /γ ⊥0 is the dispersion relation for the plasma wave. With the eikonal approximation |∂ ζ a ± | |k ± a ± |, the evolution equations for the daughter waves Eq. (8) reduce to
where
is the dispersion relation for each daughter wave. We take the pump wave to satisfy the dispersion relation D 0 = ω 2 0 /c 2 − k 2 0 − k 2 p /γ ⊥0 = 0. Note that the resonance condition ϕ ± = ϕ 0 ± ϕ p implies ω ± = ω 0 ± ω and k ± = k 0 ± k. Without loss of generality, we may take D p = 0 and D − = 0, which implies that the plasma wave number is k k p /γ ⊥0 , assuming k p /k 0 1 and |k ⊥ /k 0 | 1 (i.e., underdense plasma and direct RFS or near-forward RSS). For RFS or near-forward RSS, the anti-Stokes wave is approximately resonant
1. For definiteness, we will consider a pump laser pulse with a flat-top distribution such that a 0 (ζ) = a 0 for ζ ∈ [−L, 0] (i.e., the head of the pulse is located at ζ = 0 and the tail of the pulse at ζ = −L), and a linear chirp on the pump laser pulse ϕ 0 = k 0 ζ + (∆k e /2)ζ(1 + ζ/L). The local wave number is ∂ ζ ϕ 0 = k 0 + ∆k e (ζ/L + 1/2), such that k 0 is the central wave number and ∆ e ≡ ∆k e /k 0 is the relative chirp over the FWHM pump laser pulse length. By assuming this form of the pump laser pulse, we are neglecting pump dispersion effects. This is justified since the growth length of the Raman instabilities is much shorter than the dispersive broadening length.
Equations (12) and (13) can be combined, for k p /k 0 1 and |k ⊥ /k 0 | 1, to yield
In the weakly-coupled regime such that |∂ ζρ | |kρ|, Eqs. (11) and (14) can be combined to yield
Equation (15) describes both the direct RFS and near-forward RSS instabilities. Several regimes of RFS and near-forward RSS can be identified, [24] [25] [26] [27] and, as the instability grows, it passes through these various regimes depending on the value of |ζ|/τ and the laser-plasma parameters. In the following sections, we will consider the early time behavior of the Raman instability, where both the Stokes and anti-Stokes waves are approximately resonant. In Sec. III A, we consider plasma wave generation through axial energy transport (i.e., RFS), and, in Sec. III B, we consider plasma wave generation through radial in addition to axial energy transport (i.e., RSS or the self-modulation instability).
A. Raman forward scattering
In this section we consider plasma wave generation through axial energy transport or RFS. Physically, RFS occurs due to the beating of the incident and scattered light, producing a ponderomotive force which generates a plasma density modulation at or near the plasma frequency. The plasma density modulation appears as an index of refraction modulation to the incident laser pulse, which results in axial bunching of laser energy, resulting in additional scattering, thereby producing an instability.
In the one-dimensional (1D) limit, where |k 2 ⊥ρ /(2k)| |∂ τρ | and |k ⊥ /k| 1, Eq. (15) reduces to
is the relativistic growth rate for the four-wave resonant RFS instability at the local wave number of the pump laser ∂ ζ ϕ 0 . The solution for the amplitude of the plasma wave potential inside the laser pulse (for −L ≤ ζ ≤ 0) is 27
where I 0 is the modified Bessel function of zeroth-order. Asymptotically k 2 p |ζ|τ 1, the amplitude of the plasma wave grows exponentially asρ ∼ exp[2Γ 4eff τ |ζ|]. The effective growth rate of the plasma wave due to the four-wave resonant RFS instability is a function of position within the pump laser pulse:
For a positive chirp (i.e., ∆ e < 0, with red wavelengths at the head and blue wavelengths at the tail of the laser pulse), the RFS growth rate Eq. (19) is greater than the local growth rate throughout the laser pulse. Note that for the unchirped case, ∆ e = 0, the effective growth rate reduces to Γ 4 = k 2 p |a 0 |/( √ 8γ 2 ⊥0 k 0 ), the usual nonlinear growth rate for the four-wave resonant RFS instability. 28 For |∆ e | 1, the lowest-order correction to the growth rate due to chirp is Γ 4eff Γ 4 [1 − (∆ e /2)(1 − |ζ|/L)]. Figure 4 shows the growth of the plasma wave amplitudeρ/ρ 0 [Eq. (18) ] due to the four-wave resonant RFS instability versus phase k p ζ (location within the pump laser pulse) for the normalized parameters: a 0 = 1, k 0 /k p = 10, and k p L = 40. The figure shows that for positive (negative) chirp ∆ e < 0 (∆ e > 0), the growth rate of the four-wave resonant RFS instability is larger (smaller) than for the unchirped case (∆ e = 0).
As Eq. (18) indicates (and shown in Fig. 4) , the growth of the instability is relatively insensitive to the frequency chirp. For example, at the center of the pulse, Γ 4eff (ζ = −L/2) = Γ 4 (1 + ∆ e /2) −1/2 , and the growth rate is changed by only 0.64% due to a 2.6% negative chirp over the pump laser pulse (i.e., the experimental bandwidth). Physically this can be understood through the resonance condition for the laser-plasma interaction ϕ ± = ϕ 0 ± ϕ p , which shows that the daughter waves adopt approximately the same local frequency as the pump laser, and therefore the resonant excitation of the instability continues as the plasma modulation slips through the pulse. The weak dependence on the sign of the chirp can be understood by considering the local growth rate. The growth of the instability at any location inside the pulse ζ will be determined by the plasma wave generation from the head to the location ζ. Since the local growth rate [cf. Eq. (17) ] is larger at the head for positive chirp (red wavelengths at the head), the enhancement in the growth rate for positive chirp is a result of larger cumulative growth of the plasma density modulation from the head of the pulse to ζ, compared to negative chirp.
These results are valid in the four-wave resonant regime. The 1D RFS instability will be in the four-wave resonant regime provided |a 0 | 2 |ζ|/τ 8(k p /k 0 ) 4 . For sufficiently long times, this condition will no longer be satisfied, and the RFS instability will transition into the four-wave nonresonant regime. 27 RFS will dominate RSS provided |∂ τρ | |(k 2 ⊥ /2k)ρ|. Using the RFS growth rate, this condition reduces to (k ⊥ /k p ) 4 [a 2 0 /(4γ 5 ⊥0 )](k p /k 0 ) 2 |ζ|/τ . Therefore, for sufficiently long time or small transverse laser structure (∼ k −1 ⊥ ), the instability will transition into the regime where RSS (the self-modulation instability) will dominate the growth of the plasma wave.
B. Raman sidescatter
In Sec. III A we considered axial transport of laser energy, which results in modulation of the pump laser at the plasma frequency. For certain laser plasma parameters, the modulation of the laser pulse can be created by radial in addition to axial transport of laser energy via RSS. Physically, the radial transport occurs due to the plasma wave generating periodic regimes of enhanced focusing and defocusing. This leads to bunching of the laser intensity, which drives high phase velocity plasma waves.
In the regime where
is the local growth rate of of the RSS instability. Asymptotically Eq. (20) has the solutionρ ∼ρ 0 exp [N RSS (ζ, τ ; ∆ e )], where the exponentiation is given by
In the limit a 0 < 1, k p > k ⊥ ≡ 1/r s , and ∆ e < 1, the exponentiation reduces to
where Z R = k 0 r 2 s /2 is the laser Rayleigh length and P c = k 2 p a 2 0 r 2 s /32 is the critical power for relativistic self-guiding. For the unchirped case ∆ e = 0, Eq. (23) reduces to the well-known growth rate for the self-modulation instability. 29, 30 As Eq. (23) indicates, the change in the RSS growth rate due to chirp will be relatively small. For example, at the center of the pulse, |N RSS (−L/2, ∆ e )|/|N RSS (−L/2, ∆ e = 0)| (1 − ∆ e /6), and the growth rate is changed by only 0.43% due to a 2.6% negative chirp over the pump laser pulse (i.e., the experimental bandwidth).
As with RFS, the near-forward RSS instability growth rate is larger throughout the pulse for positive chirp than for negative chirp. This is due to the enhanced local growth rate at the head of the pulse for positive chirp (red wavelengths at the head) [cf. Eq. (21) ], which produces a larger plasma density modulation. This plasma density modulation slips back through the pulse seeding the RSS.
For RFS, the phase velocity of the excited plasma wave β ϕ is approximately the group velocity of the pump laser pulse. Physically this results from the π/2 phase shift between the density perturbations and the intensity modulations produced by RFS. For RSS, the density perturbations and the intensity modulations are not π/2 out of phase, 31 which leads to a shift in the phase velocity of the plasma wave. 32 The phase velocity of the plasma wave generated by RSS is
which indicates that the phase velocity of the plasma wave generated by RSS decreases in time. 30 In deriving Eq. (15) it was assumed that |(k 2 ⊥ /2k 0 )ρ| |∂ τρ |, which is equivalent to assuming that both the Stokes and anti-Stokes waves are resonant. This condition can be expresses as (τ /Z R )γ 7/2 ⊥0 /2 6 (P/P c )k p |ζ|, which indicates that for sufficiently long propagation times, the Raman instability will transition into the three-wave regime where the anti-Stokes wave is no longer resonant.
IV. PULSE SHAPE SEEDING OF RAMAN INSTABILITIES
In Sec. III we have shown that the frequency chirp has a relatively minor effect on the growth rates of the Raman instabilities which drive high phase velocity plasma waves, e.g., the growth rates were changed by 1% for the experimental frequency chirp (∼ 2.6%). As described in Sec. II, the presence of higher-order phase dispersive terms in the optical transport line will modify the temporal envelope of the pulse, resulting in skewed laser pulses. In this section, we consider the effect of pulse shape (temporal distribution) on the generation of plasma waves.
The Raman instability is initially seeded by plasma density fluctuations or pump laser intensity fluctuations which contain Fourier components at the relativistic plasma frequency k = k p /γ 1/2 ⊥0 . For example the seeding of the RFS may be generated by thermal fluctuations in the plasma, ionization-induced plasma waves (owing to a time-varying dielectric), 33, 34 or ponderomotively-excited plasma waves (owing to the laser intensity gradient). 10, 35 Experiments often will use the same pump laser pulse which undergoes self-modulation to create the plasma through ionization of a gas. Typically photoionization will occur very early in the head of the laser pulse, where the laser electric field becomes sufficiently intense such that the rate of ionization is maximum. 36 This will create a plasma density front moving with the laser. The amplitude of the ionization-induced plasma waves created by this ionization front will be approximatelyρ 0 ∼ a 2 0 (ζ ionz )/4, where ζ ionz is the location in the pump laser pulse where the rate of ionization is maximum. Note that the ionization location ζ ionz is weakly dependent on the chirp. For typical laser experimental parameters, the shift in the ionization location due to chirp is less than a laser wavelength k 0 ζ ionz 1, and therefore there will be little asymmetry in the seeding of Raman scattering owing to a frequency-chirp shift in ionization location.
The amplitude of the ponderomotively-excited plasma waves scales asρ 0 ∼ k −2 p ∇ 2 a 2 0 ∼ a 2 0 /(k p L rise ) 2 for k p L rise > 1, where the gradient in the rise in the laser pulse intensity scales as ∼ 1/L rise . For short laser pulses, the ponderomotively excited plasma wave will typically dominate other sources for seeding the Raman instability. For example, consider Fig. 5 , which shows simulation results from a nonparaxial envelope code 37 of the laser pulse self-modulation. Figure 5 shows initial (a) positively-skewed and (c) negatively-skewed laser pulses and ponderomotively-excited wakes, and (b) positively-skewed and (d) negatively-skewed laser pulses and resulting plasma waves after propagating one Rayleigh range, for the laser-plasma parameters: k 0 /k p = 6, k p r s = 12, 76 fs FWHM pulse durations, and a 0 = 1/3. Initially the positively-skewed pulse excites several plasma oscillations within the pulse envelope [ Fig. 5(a) ] that seed the laser self-modulation [ Fig. 5(b) ]. Plasma oscillations are not excited within the pulse envelope of the negatively-skewed pulse [ Fig. 5(c) ], and therefore the instability is not strongly-seeded and self-modulation does not occur [ Fig. 5(d) ].
To evaluate the ponderomotively-excited seed, the initial plasma response was calculated for the experimental temporal laser profiles using the 1D nonlinear quasi-static fluid equations. 1 The evolution equation for the quasistatic fluid perturbation is
Here φ = γn 0 /n − 1 is the quasi-static potential, and γ 2 ⊥0 (ζ) = 1 + |a 0 | 2 (ζ)/2, where |a 0 |(ζ) is the slowly-varying envelope of the pump laser pulse. Figure 6(a) shows the plasma wave potential perturbation δφ = φ − (γ ⊥0 − 1) ponderomotively-excited by the steep a + (ζ) and gentle a − (ζ) rising experimental laser pulse profiles with 76 fs FWHM duration. A larger wake is excited within the laser pulse for the case of the steep rising (positively-chirped) laser pulse than for the gentle rising (negatively-chirped) laser pulse. Figure 6(b) shows the ratio of the Fourier components [evaluated at the relativistic plasma frequency at peak intensity Ω p = k p c/γ 1/2 ⊥0 | peak ] of the ponderomotively-excited seeds Λ = (F[a + δφ + ]/F[a − δφ − ])| Ωp for the steep and gentle rising pulses from Fig. 6(a) for varying density. The ratio Λ is a figure of merit for the asymmetry in the Raman instability seeds for positive and negative skew. Figure  6 (b) shows a large asymmetry in the Raman instability seed when k p L ∼ 10. Also shown in Fig. 6(b) is the maximum amplitude of the seed [a + δφ + (ζ)] max which decreases with increasing density or pulse duration. Hence, for high density or long pulse duration, the pulse envelope contribution to the seeding of RFS is small.
For case 1 of the experimental results discussed in Sec. II (cf. Fig. 3 ), the laser is at high intensity throughout the whole plasma; it enters at high intensity and remains focused due to relativistic self-guiding. As the pulse encounters the low density plasma in the front of the gas jet profile, k p L ∼ 10 and the fast rise time for the positive chirped pulse is able to excite large plasma waves, resulting in a larger seed for the Raman instability. For the slow rise time pulse (negative chirp), the response is weaker and lower amplitude plasma waves ensue. The asymmetry in redshifted sidebands observed in the experiment is also consistent with enhanced Raman scattering for fast rise time (positive chirp) pulses. 20 A larger seed leads to electron trapping earlier in the laser-plasma interaction, resulting in larger electron yield. When the laser pulse was focused deeper into the gas jet (case 2 of Fig. 3 ), it traverses much of the lower density gas at low intensity. As can be seen in Fig. 6(b) , in the high density region where k p L 20, seeding of the plasma wave due to envelope effects is much less sensitive to pulse asymmetries, i.e., Λ ∼ 1. Therefore the maximum wave amplitude (electron yield) occurs for shorter laser pulses at higher intensities, i.e., near the normal compressor zero, as shown in Fig. 3 .
V. SUMMARY AND CONCLUSIONS
In this work, we have presented experimental and theoretical studies of the effect of pulse shape and chirp asymmetries in the SM-LWFA.
Higher-order phase dispersive terms associated with optical components in the laser system can cause pulse shape asymmetries with fast rises of the order of the plasma period (positively-skewed), which are more unstable to RFS and self-modulation instabilities. These instabilities drive high phase velocity plasma waves, resulting in larger electron yield in SM-LWFA experiments. This was verified experimentally (cf. case 1 of Fig. 3 ) by focusing the laser into a plasma density such that k p L ∼ 10, where asymmetric seeding of the Raman instability by the pulse envelopes will strongly affect plasma wave excitation [cf. Fig. 6(b) ].
Although a frequency chirp was found analytically to increase the growth rate for RFS and near-forward RSS for a positive chirp (i.e., red wavelengths at the head of the pulse), this enhancement is a relatively minor effect and of minimal importance for the experimental parameters. For example, the growth rates were changed by 1% for the experimental frequency chirp (∼ 2.6%). This was verified experimentally (cf. case 2 of Fig. 3 ) by focusing the laser into a high plasma density where we expect little asymmetric seeding by the pulse envelopes, isolating the effect of the frequency chirp. In this case, no asymmetry in electron yield was observed.
These results indicate that pulse shaping provides a method of controlling plasma instabilities and optimizing the performance of laser-plasma devices. Although the SM-LWFA relies on an instability, the plasma wave amplitude can be controlled by controlling the seed. Since the ponderomotively-excited wake dominates other noise sources in this parameter regime, pulse shaping allows the experimenter a controllable and reproducible seed for the instability. This offers a method for minimizing shot-to-shot output fluctuations in electron yield and other beam properties in the SM-LWFA.
